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(57) ABSTRACT

In an inverse-stagger MOSFET (1), a gate insulating layer
(4) made of amorphous aluminum oxide is so formed as to
face a channel layer (5) which serves as the semiconductor
layer, and which is made of zinc oxide. With this arrange-
ment, a defect level at an interface between the channel layer
(5) and the gate insulating layer (4) is reduced, thereby
obtaining performance equivalent to that of a semiconductor
apparatus in which all the layered films are crystalline. This
technique is applicable to a staggered MOSFET and the like,
and has high versatility.
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SEMICONDUCTOR DEVICE AND DISPLAY
COMPRISING SAME

This application is the U.S. national phase of international
application PCT/JP03/03709 filed Mar. 26, 2003 which
designated the U.S. and claims benefit of JP 2002-148238,
dated May 22, 2002, the entire content of which is hereby
incorporated by reference.

TECHNICAL FIELD

The present invention relates to a semiconductor appara-
tus in which a group II oxide is used for a semiconductor
layer, and to a display apparatus including the semiconduc-
tor apparatus, and in particular to a technique for improving
performance of a semiconductor apparatus in which zinc
oxide is used for a semiconductor layer.

BACKGROUND ART

In recent years, researches have been carried out to
manufacture a semiconductor apparatus in which a group II
oxide such as zinc oxide is used as a semiconductor layer.
These researches, in which improvement of a semiconductor
apparatus is their object or means, have reported a number
of high-quality and concrete techniques. Broadly speaking,
the techniques show that a performance of the semiconduc-
tor apparatus is effectively improved by improving crystal-
linity of a layered film, by controlling the crystallinity, by
performing an interface control accompanied with them, or
doping impurity. Based on that, the techniques teach, for
achieving the effective improvement, modification in meth-
ods for layering films, film materials, and doping materials.

Among these reports, considerable techniques have been
elaborated to concrete achievements as filing of patent
applications. Here, four conventional techniques (Refer-
ences) are explained.

For example, described in Japanese Laid-Open Patent
Application Tokukaisho No. 63-101740 (published on May
6, 1988; hereinafter, referred to as “Reference 1) is a
vertical electric field effect transistor gas sensor in which
zinc oxide or the like is used as a channel layer.

Further, disclosed in Japanese Laid-Open Patent Appli-
cation Tokukai No. 2000-150900 (published on May 30,
2000; hereinafter, referred to as “Reference 2”) is a tech-
nique for improving aperture ratio of a liquid crystal display
apparatus by using a transparent transistor by using (i) a
transparent semiconductor, made of zinc oxide or the like,
for a channel layer of the transistor; and (ii) a transparent
insulation oxide for a gate insulating layer, and the like
means.

Further, a key point of Japanese Laid-Open Patent Appli-
cation Tokukai No. 2000-277534 (published on Oct. 6,
2000; hereinafter, referred to as “Reference 3”) is that,
instead of a sapphire substrate used in many researches, a
substrate made of crystalline ScAIMgO, or the like is used
as the base film so that crystal lattice mismatching is
eliminated between zinc oxide and the base film. Because of
the use of the substrate made of crystalline ScAIMgO,, or the
like, the crystal lattice mismatching is dramatically
improved to be 0.13%. This technique is excellent because
the Reference 3 describes that a layer of substantially single
crystal zinc oxide can be obtained by layering zinc oxide on
the substrate. In other words, the Reference 3 describes that
crystallinity improvement of zinc oxide is a key for perfor-
mance improvement of a semiconductor apparatus. There-
fore, in order to improve crystallinity of zinc oxide, the

20

25

30

35

40

45

50

55

60

65

2

substrate that is made of ScAIMgO, or the like with some
consideration with respect to the crystal lattice mismatching
is used as the base film. With this arrangement, the crystal-
linity of zinc oxide is dramatically improved.

Disclosed in Japanese Laid-Open Patent Application
Tokukai 2002-76356 (published on Mar. 15, 2002; herein-
after, referred to as “Reference 4”) is a method for doping 3d
transition metal element to zinc oxide so that ON-OFF ratio
property and a mobility property of a transistor, which
includes a transparent channel layer made of zinc oxide or
the like, will be improved.

In a wvertical type transistor of a specific example of
Reference 1, aluminum oxide is used as a substrate, and zinc
oxide is layered on the substrate. It is assumed that the
arrangement is made, in consideration of crystal lattice
matching, for the purpose of crystallinity improvement of
zinc oxide.

Further, in Reference 3, because the crystal lattice match-
ing is taken into consideration, there is a premise that zinc
oxide, ScAIMgO,, and the like are crystals.

These are because, as described above, there is a premise
that a performance of a semiconductor apparatus is effec-
tively improved by improving crystallinity of a layered film,
controlling the crystallinity, and performing an interface
control accompanied with them.

Further, in specific examples of References 2 and 4, zinc
oxide is used as a channel layer, and a gate insulating layer
made of aluminum oxide, ScAIMgO,, or the like is formed
on the channel layer. In this way, the transparent transistor
is prepared.

References 2 and 4 describe that material of the gate
insulating film is transparent, and exemplifies a plurality of
the transparent materials. Aluminum oxide is one of them.
However, the aluminum oxide is exemplified not in terms of
the interface control between the gate insulating film and the
channel layer, but exemplified as a general material of a
transparent insulating film. By way of exception, ScAIMgO,,
is described as a transparent insulating material for the
crystal lattice matching. Therefore, in this case, there is a
premise that the transparent material is crystal.

However, in the case where a crystal material is used for
the material as described in References, there are following
restrictions 1 through 3:

1. It is difficult to form a film.
2. It is difficult to use a large substrate.
3. Order of forming films is fixed.

The restriction 1 is specifically explained as follows. For
forming a predetermined crystalline film of zinc oxide or the
like, determination of a precision apparatus and a precision
condition, and secure maintenance of them are indispens-
able, as in the pulse laser deposition method or the like.
Therefore, the techniques need to be more modification for
mass production. Note that the same is true in the film
formation of the substrate made of ScAIMgO,.

As for the restriction 2, although determination of a
precision apparatus and a precision condition, and the secure
maintenance of them are indispensable for forming the film
made of predetermined crystal of zinc oxide, ScCAIMgO,, or
the like, it is difficult that a large substrate for a liquid crystal
fulfills the requisites. Therefore, the techniques also need to
be more improved for wider application to various types of
products.

The restriction 3 is explained as follows. The formation of
the film made of the predetermined crystalline of zinc oxide
or the like, requires the formation of the substrate made of
the predetermined crystal of ScAIMgO, or the like as the
base film, for the sake of the crystal lattice matching.
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Therefore, the base film of ScAIMgO,, inevitably has to be
formed before the formation of the film of zinc oxide or the
like. Therefore, for example, in the case of an FET, the
techniques can be applied only to a staggered FET, in which
a gate electrode is provided opposite to a substrate. This is
not preferable because this narrows a freedom in designing
a semiconductor apparatus.

Although the Reference 2 discloses the technique for
improving performance of a semiconductor apparatus hav-
ing a transistor in which zinc oxide is used, the Reference 2
does not discuss an improvement of the transistor itself, to
simplification of manufacturing process, or the like.

Further, the Reference 4 discloses the technique for
improving ON-OFF ratio property and mobility property of
the transistor, however, the Reference 4 does not discuss the
interface control, which affects a threshold shift and the like
of electric properties of the transistor, particularly the inter-
face control between the gate insulating film and the channel
layer in the transistor.

As described above, the conventional techniques
described in the References have high quality, however,
have problems in their applications.

DISCLOSURE OF INVENTION

An object of the present invention is to provide (i) a
semiconductor apparatus, having a semiconductor layer that
contains a group II oxide, whose performance is improved
by a versatile technique; and (ii) a display apparatus includ-
ing the semiconductor apparatus.

A semiconductor apparatus, of the present invention,
including a semiconductor layer that contains a group II
oxide, wherein: the semiconductor layer has at least one
surface on which amorphous aluminum oxide (Al,O;) is
layered.

For the performance improvement of the semiconductor
apparatus including the semiconductor layer containing a
group I oxide such as zinc oxide or the like, the conven-
tional techniques adopt the methods such as the crystallinity
improvement, the crystallinity control of layered films, the
interface control accompanied with them, and the impurity
doping. On the contrary, in the arrangement according to the
present invention, amorphous aluminum oxide is layered on
at least one surface of the semiconductor layer. The arrange-
ment allows the semiconductor apparatus to have perfor-
mance equivalent to a semiconductor apparatus in which all
the layered films are crystalline. Such performance cannot
be obtained without the amorphous aluminum oxide film
because the amorphous aluminum oxide layered on the
semiconductor layer containing the group II oxide reduces a
defect level at an interface between the semiconductor layer
and the amorphous aluminum oxide. The term “defect level”
indicates an electronic defect which obstructs a carrier
movement in the semiconductor layer.

Therefore, it is possible to realize a semiconductor appa-
ratus (i) in which the crystallinity improvement of the
semiconductor layer made of zinc oxide or the like is less
required than a conventional semiconductor apparatus; (ii)
in which the film can be formed with ease; and (iii) in which
a group II oxide that can be used in a large substrate with
ease is used for the semiconductor layer. Further, it is
possible to realize a semiconductor apparatus which has
such freedom in designing that order of forming films is not
fixed, and has a high versatility.

Note that the technique of the present invention may be
combined with other technique. See an example of a stag-
gered FET in which a gate electrode is provided opposite to
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a substrate. In the staggered FET, an amorphous aluminum
oxide layer according to the present invention may be
formed as a gate insulating film between the substrate and a
semiconductor layer by using the technique of the Reference
3.

It is preferable that the semiconductor apparatus of the
present invention is arranged so that the group II oxide is
zinc oxide. The group II oxide for the semiconductor layer
may be zinc oxide (ZnO), magnesium zinc oxide (Mg,
Zn,_0), cadmium zinc oxide (Cd,Zn, _,O), cadmium oxide
(CdO), or the like. Among the group II oxides, however, zinc
oxide is particularly suitable for the semiconductor layer,
and is particularly expected to improve properties of the
semiconductor apparatus.

Further, a display apparatus of the present invention
includes the semiconductor apparatus.

According to the arrangement, the semiconductor appa-
ratus of the present invention can have performance equiva-
lent to a semiconductor apparatus in which all the layered
films are crystalline. Further, the semiconductor apparatus
ensures easy film forming. Furthermore, the semiconductor
apparatus can deal with a large substrate with ease. There-
fore, the semiconductor apparatus is suitably applicable to a
display apparatus such as a liquid crystal display apparatus,
in particular, to a large display apparatus.

Additional objects, features, and strengths of the present
invention will be made clear by the description below.
Further, the advantages of the present invention will be
evident from the following explanation in reference to the
drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross sectional view illustrating a structure of
an FET, which is a semiconductor apparatus of an embodi-
ment of the present invention.

FIG. 2 is a cross sectional view illustrating a structure of
an FET, which is a semiconductor apparatus of another
embodiment of the present invention.

FIG. 3 is a cross sectional view illustrating a structure of
an FET, which is a semiconductor apparatus of still another
embodiment of the present invention.

FIG. 4 is a perspective view schematically illustrating an
active matrix liquid crystal display apparatus, which is an
example how the FETs shown in FIG. 1 through FIG. 3 are
used.

FIG. 5 is a front view illustrating a TFT substrate of the
liquid crystal apparatus shown in FIG. 4.

FIG. 6 is a front view illustrating a pixel area in the FET
substrate shown in FIG. 5.

FIG. 7 is a graph illustrating a relation between electric
field effect mobility of the FET (see FIG. 1) and a ZnO film
thickness.

BEST MODE FOR CARRYING OUT THE
INVENTION

[First Embodiment]

The following description discusses an embodiment of the
present invention with reference to FIG. 1.

FIG. 1 is a cross sectional view illustrating a structure of
a field effect transistor (FET) 1, which is a semiconductor
apparatus of an embodiment of the present invention. The
FET 1 is an inverse-staggered MOSFET (metal oxide semi-
conductor field effect transistor). Schematically, in the FET
1, a gate layer 3, a gate insulating layer 4, a channel layer 5
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are layered on a substrate 2 in this order. And then, a source
layer 6 and a drain layer 7 are layered thereon.

The substrate 2 serves as a base on which the layers are
provided. A material of the substrate 2 may be silicon wafer,
glass, plastic, or the like, and is not particularly limited in the
present invention. The gate layer 3 is a gate wire for driving
the FET 1, and a material of the gate layer 3 is a conductive
material such as metal, semiconductor, or the like, and is not
particularly limited. Normally, the substrate 2 has a film
thickness not less than 0.1 mm but not more than 2 mm, and
the gate layer 3 has a film thickness not less than 50 nm but
not more than 300 nm, however, they are not particularly
limited.

The gate insulating layer 4 is in accordance with the
present invention, and is made of amorphous aluminum
oxide (Al,O,). A film thickness of the gate insulating layer
4 made of amorphous aluminum oxide is not particularly
limited. However, in the view of withstand voltage, the gate
insulating layer 4 preferably has a film thickness of 100 nm
or greater, and more preferably 200 nm or greater. Further,
in order to obtain sufficient capacitance, the gate insulating
layer 4 preferably has a film thickness of 700 nm or less, and
more preferably 600 nm or less.

The channel layer 5 is a semiconductor layer containing
a group II oxide, such as zinc oxide (ZnO), magnesium zinc
oxide (Mg, Zn,_0), cadmium zinc oxide (Cd, Zn,_,O), cad-
mium oxide (CdO), or the like; or these group II oxides. Zinc
oxide is particularly suitable for the channel layer 5. Nor-
mally, the channel layer 5 has a film thickness not less than
100 nm but not more than 200 nm, but the film thickness is
not particularly limited.

The channel layer 5 may be crystalline for better mobility.
Alternatively, the channel layer 5 may be amorphous, taking
grain boundary scatterings into consideration. In the case
where the channel layer 5 is crystalline, the channel layer 5
may be arranged to have an adequate alignment property.

Rendering crystallinity and alignment property to the
channel layer 5 may be carried out as follows. In case where
the channel layer 5 is made of, for example, zinc oxide, and
the sputtering method is used, for example, deposition rate
is adjusted lower than the case where crystallinity and
alignment are not rendered. This is because zinc oxide is apt
to have crystallinity and the alignment property. In this case,
the mobility in the FET (FET1) is expected to be improved.
For example, according to the following experiment result
found by the inventors of the present invention, the depo-
sition rate in a range of 10 A/s to 20 A/s (1 A=10"'" m)
dramatically increased the mobility (field effect mobility) by
a digit, thereby obtaining mobility of approximately 4 cm?®/
Vs.

The source layer 6 will function as a source wire, and the
drain layer 7 will function as a drain wire. A material of them
is a conductive such as metal, semiconductor, or the like, and
is not particularly limited as long as the material allows the
source layer 6 and the drain layer 7 to make ohmic-contact
with the channel layer 5. For example, the material may be
(1) a metal such as aluminum (Al), molybdenum (Mo),
tantalum (Ta), titanium (T1), silver (Ag) or the like; (ii) a
transparent conductive film made of indium tin oxide (ITO),
indium zinc oxide (IZO) or the like; or (iii) a conductive film
made of ZnO doped with an impurity. Normally, the source
layer 6 and the drain layer 7 have a film thickness not less
than 50 nm but not more than 300 nm, respectively, how-
ever, their film thickness is not particularly limited.

The point of the arrangement is that the FET 1 is so
arranged that the gate insulating layer 4 is made of amor-
phous aluminum oxide, and the channel layer 5 made of zinc
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oxide or the like is continuously layered on the gate layer 4.
This combination ensures massive reduction of a defect
level at the interface between the gate insulating layer 4 and
the channel layer 5. On this account, the performance of the
FET 1 is improved. As evidence, a threshold shift, which is
due to the defect in the interface between the gate insulating
layer and the channel layer, of electric properties of the
transistor is suppressed to substantially O volt as a result of
this combination. On the contrary, with that combination of
amorphous silicon nitride and zinc oxide which is often
adopted in a liquid crystal panel or the like, the threshold
shift is so large as to reach several ten volts. Note that the
term “defect level” indicates an electronic defect which
obstructs a carrier movement in the channel layer 5.

Table 1 below specifically shows how the FET 1 having
the structure (see FIG. 1) effectively improves its electric
properties, in accordance with an experiment conducted by
the inventors of the present invention. Performance of an
FET is indicated by a Vg-Id characteristic which is a current
change characteristic, between a source and a drain, with
respect to gate voltage. The Vg-Id characteristic may be
indicated in threshold voltage, mobility, ON-OFF ratio, and
hysteresis. All of them are shown in Table 1.

The experiment could be conducted under experiment
conditions described below. That is, the threshold voltage,
the mobility, the ON-OFF ratio, and the hysteresis were
found by measuring the Vg-1d characteristic with the use of
a semiconductor parameter analyzer (provided by the Agi-
lent Technology, model number 4155C).

Note that, zinc oxide was used for the channel layer 5 in
each of samples of the experiment.

Specifically, the experiment used FETs, which were
respectively arranged such that as shown in FIG. 1, the gate
layer 3, the gate insulating layer 4, the channel layer 5, the
source layer 6, and the drain layer 7 were layered on the
substrate 2 in this order. Each FET is arranged as follows:
the substrate 2 was made of no-alkali glass, and had a film
thickness of 0.7 mm. The gate layer 3 was made of tantalum
(Ta), and had a film thickness of 150 nm. The channel layer
5 was made of crystalline zinc oxide, and had a film
thickness of 100 nm. The source layer 6 and the drain layer
7 were made of aluminum (Al), and had film thicknesses of
100 nm, respectively. Meanwhile, the materials listed below
were respectively used for the gate insulating layers 4 of the
FETs. Each of the gate insulating layers 4 thus prepared had
a film thickness of 200 nm.

In the conventional art sample, all the layered films were
crystalline. In the sample of the present invention, on the
gate insulating layer 4 made of amorphous aluminum oxide
(having resistance of 5x10'* Q-cm), crystalline zinc oxide
was layered as the channel layer 5, as described above. In the
comparative sample, the gate insulating layer 4 was made of
amorphous silicon nitride (having resistance of 1x10'°
Q-cm), and crystalline zinc oxide was layered on the gate
insulating layer 4. Namely, in the comparative sample, the
gate insulating layer 4 made of aluminum oxide in the
sample of the present invention is replaced by that of
amorphous silicon nitride. Further, in the conventional art
sample, the gate insulating layer 4 was made of calcium
zirconic oxide (having resistance of 3x10'* Q-cm).

TABLE 1
Threshold ON-OFF  Mobility
voltage (V) ratio (em?/V -s)  Hysteresis
Conventional 0.0 = 2.0 108 3.0to0 5.0 2.0Vor

art less
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TABLE 1-continued
Threshold ON-OFF  Mobility
voltage (V) ratio (em?/V -'s)  Hysteresis
Present 0.0 £3.0 107 3.0 to 4.0 3.0 Vor
invention less
Comparative 0.0 = several 104 1.0 or Several
ten less ten volts

As apparently shown in Table 1, the FET according to the
present invention had performance substantially equivalent
to that of the conventional FET in which all the layered films
are crystalline. Further, it was understood that the gate
insulating layer 4 made of amorphous aluminum oxide
ensures a massive performance improvement as compared
with that gate insulating layer 4 made of the amorphous
silicon nitride film, which was described as a comparative
example where amorphous aluminum oxide was not used.

As such, by using amorphous aluminum oxide for the gate
insulating layer 4, it is possible to obtain an FET having
performance substantially equivalent to the FET in which all
the layered films are crystalline. Accordingly, it is possible
to realize an FET (i) in which the defect at the interface is
kept low; (i) in which crystallinity improvement of the
channel layer 5 is less required than in the conventional FET;
(iii) in which the films can be formed with ease because the
base film is also amorphous; and (iv) in which a group II
oxide that can be used in a large substrate with ease is used
for the channel layer 5.

Further, by using zinc oxide as the group II oxide, it is
possible to expect improvement particularly in the properties
of the FET. Further, because the layered aluminum oxide is
not crystalline but amorphous, it is easier to form the film,
as compared with the conventional techniques, by using an
apparatus used for mass production at present, such as the
sputtering method.

[Second Embodiment]

The following description discusses another embodiment
of the present invention with reference to FIG. 2.

FIG. 2 is a cross sectional view illustrating a structure of
an FET 11, which is a semiconductor apparatus of the
another embodiment of the present invention. The FET 11 is
a staggered MOSFET. Schematically, in the FET 11, a
source layer 16 and a drain layer 17 are layered on a
substrate 12. Then, a channel layer 15, a gate insulating layer
14, and a gate layer 13 are layered in this order on them
formed on the substrate 12. The substrate 12 and the layers
13 through 17 have equivalent functions, materials, and
thickness to the substrate 2 and the layers 3 through 7 in the
FET 1 (see FIG. 1), respectively. Therefore, explanations of
them are omitted here.

Apparently from a comparison between the structures of
FIG. 1 and FIG. 2, either the gate insulating layers 4 and 14
or the channel layers 5 and 15 can be firstly formed. This
ensures more freedom in designing a semiconductor appa-
ratus than the convention techniques. On this account, more
options in design, that is, versatility is attained.

Note that, in the staggered FET 11, crystal lattice mis-
matching between the substrate 12 and the channel layer 15
(semiconductor layer) may be reduced by using the tech-
niques of the foregoing Reference 3. This allows further
improvement in crystallinity of the channel layer 15, and
further performance improvement. Thus, the technique of
the present invention may be combined with other
technique(s) as such.
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[Third Embodiment]

The following description discusses still another embodi-
ment of the present invention with reference to FIG. 3.

FIG. 3 is a cross sectional view illustrating a structure of
FET 21, which is a semiconductor apparatus of the still
another embodiment of the present invention. The FET 21 is
a Schottky-gate FET. Schematically, in the FET 21, a
priming layer 24, and a channel layer 25 are layered on a
substrate 22 in this order. Further, a gate layer 23, a source
layer 26 and a drain layer 27 are layered on the channel layer
25.

Like the substrates 2 and 12, the substrate 22 serves as a
base for mounting the layers 23 through 27 thereon. A
material of the substrate 22 is not particularly limited in the
present invention, and may be silicon wafer, glass, plastic, or
the like. As described above, in the case where the priming
layer 24 is formed on the substrate 22, the substrate 22
normally has a film thickness not less than 0.1 mm but not
more than 2 mm, however, the film thickness is not particu-
larly limited.

The gate layer 23 is a gate wire for driving the FET 21,
and is made of a conductive material, such as metal, semi-
conductor, or the like. However, the material of the gate
layer 23 is not particularly limited as long as the material
allows the gate layer 23 to make Schottky-contact with the
channel layer 25, and may be, for example, gold (Au),
platinum (Pt), or the like. As in the First Embodiment, the
gate layer 23 normally has a film thickness not less than 50
nm but not more than 300 nm, however, the film thickness
is not particularly limited.

The priming layer 24 is a film for an interface control
between the substrate 22 and the channel layer 25, and is
made of amorphous aluminum oxide. A film thickness of the
priming layer 24 is not particularly limited. However, in the
view of securing properties of amorphous aluminum oxide,
the film thickness is preferably 5 nm or greater, and is more
preferably 10 nm or greater. In cases where the priming layer
24 has a film thickness of less than 5 nm, its film thickness
becomes uneven. This would possibly cause insufficient
reduction of a defect level at the interface. Also, in the view
of manufacturing efficiency, the priming layer preferably has
a film thickness of 1 pm or less, and more preferably has 500
nm or less.

Like the channel layers 5 and 15, the channel layer 25 is
made of zinc oxide or the like, and may be crystalline or
amorphous. In the case where the channel layer 25 is
crystalline, the channel layer 25 may be arranged to have an
adequate alignment property. Further, as in the First
Embodiment, the channel layer 25 normally has a film
thickness not less than 100 nm but not more than 200 nm,
however, the film thickness is not particularly limited.

The source layer 26 will function as a source wire,
whereas the drain layer 27 will function as a drain wire.
They are made of a conductive material such as metal,
semiconductor, or the like. Their material is not particularly
limited as long as the material allows the source layer 26 and
the drain layer 27 to make ohmic-contact with the channel
layer 5. As in the First Embodiment, the source layer 26 and
the drain layer 27 have film thicknesses not less than 50 nm
but not more than 300 nm, respectively, however, their film
thicknesses are not particularly limited.

A point of the FET 21 is that amorphous aluminum oxide
is used as the priming layer 24 for the interface control
between the substrate 22 and the channel layer 25, as shown
in FIG. 3. As such, the aluminum oxide film is not neces-
sarily used as the gate insulating layer. In other words, by
layering the film on at least one surface of the semiconductor
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layer containing a group II oxide such as zinc oxide, a defect
level at the semiconductor layer is reduced.

In the aforementioned descriptions, three different types
of FETs are exemplified. However, the present invention is
not particularly limited to these, and is applicable to any
cases where a semiconductor apparatus is manufactured by
forming a layer of a semiconductor layer containing a group
II oxide, and a layer of a conductor; an insulator; and the
like.

[Fourth Embodiment]

With reference to FIG. 4 through FIG. 6, the following
description discusses a display apparatus including a semi-
conductor apparatus of the present invention. Note that, for
ease of explanation, materials having the equivalent func-
tions as those shown in the drawings pertaining to the
foregoing First through Third Embodiments will be given
the same reference symbols, and explanation thereof will be
omitted here.

FIG. 4 is a perspective view schematically illustrating an
active matrix liquid crystal display apparatus 31 including
FETs 1, 11, or 21. Schematically, in the liquid crystal display
apparatus 31, a polarizing plate 32, a TFT (thin film tran-
sistor) substrate 33, a liquid crystal layer 34, a color filter
substrate 35, and a polarizing plate 36 are layered in this
order.

The polarizing plates 32 and 36 polarize light from a light
source. In response to various types of signals from outside,
the TFT substrate 33 applies a voltage for driving the liquid
crystal layer 34 to display. The FET 1, 11, or 21 is used as
a TFT.

The liquid crystal layer 34 changes the polarized light in
accordance with the voltage applied from the TFT substrate
33. The color filter substrate 35 is a substrate for coloring the
polarized light. The polarizing plate 36 is a substrate for
controlling passing-through and shielding-off of the polar-
ized light. On a peripheral portion of the liquid crystal layer
34, a liquid crystal sealing layer 37 is formed to seal the
liquid crystal layer 34.

Therefore, when the TFT substrate 33 applies a voltage to
the liquid crystal layer 34 in response to a signal from
outside, the liquid crystal layer 34 changes the polarized
light, and the polarizing plate 36 causes the polarized light
thus changed to pass through and to be shielded off. This
realizes a display that corresponds to the signal from outside.

FIG. 5 is a front view of the TFT substrate 33. On the TFT
substrate 33, a plurality of gate wires 41 and a plurality of
source wires 42 are crossed orthogonal to one another. Areas
sectioned by the gate wires 41 and the source wires 42
become pixels, and pixel electrodes 43 are formed in the
areas, respectively. The FET 1, 11, or 21 is provided on
intersectional sections 44 of the gate wires 41 and the source
wires 42. The FET 1, 11, or 21 writes image data in the pixel
electrodes 43 that corresponds to pixels selected by the gate
wires 41, the image data being provided from the source
wires 42.

The TFT substrate 33 has, on its peripheral portion,
terminal sections 45 and 46, to which driver element is
connected. Via the driver element, the signal from outside is
supplied to the gate wires 41 and the source wire 42.
Because the present invention ensures an FET to have
performance equivalent to an FET in which all the layered
films are crystalline, the driver element may be formed in
one piece with the TFT substrate 33. In this case, the FETs
of the driver element are formed in the terminal sections 45
and 46.

FIG. 6 is a front view of an pixel area of the TFT substrate
(see FIG. 5). Each of the pixel areas is surrounded by two

20

25

30

35

40

45

50

55

60

65

10

gate wires 41 and two source wires 42. In the pixel area, a
gate electrode 47 is so formed as to be in a contact with each
of the gate wires 41, a source electrode 48 is so formed as
to be in contact with each of the source wire 42, and a drain
electrode 49 is so formed as to be in contact with each of the
pixel electrodes 43. In the FET 1, the gate electrode 47, the
source electrode 48, and the drain electrode 49 are connected
to the gate layer 3, the source layer 6, and the drain layer 7,
respectively. In the FET 11, the gate electrode 47, the source
electrode 48, and the drain electrode 49 are connected to the
gate layer 13, the source layer 16, and the drain layer 17,
respectively. In the FET 21, the gate electrode 47, the source
electrode 48, the drain electrode 49 are connected to the gate
layer 23, the source layer 26, and the drain layer 27,
respectively. With the arrangements, the FETs 1, 11 or 21 are
driven.

Note that the present invention is suitably applicable not
only to an active matrix liquid crystal display apparatus, but
also to any kinds of display apparatus including a substrate
on which a semiconductor layer containing a group II oxide,
and layers of a semiconductor, a conductor, an insulator, and
the like are formed.

[Fifth Embodiment]

The present embodiment verifies a relation between resis-
tance of amorphous aluminum oxide and hysteresis in Vg-Id
characteristic of an FET. Note that, for ease of explanation,
materials having the equivalent functions as those shown in
the drawings pertaining to the foregoing First through
Fourth Embodiments will be given the same reference
symbols, and explanation thereof will be omitted here.

Table 2 below shows a relation, in the FET 1 (see FIG. 1),
between (i) resistance of amorphous aluminum oxide of the
gate insulating layer 4 and (ii) hysteresis in the Vg-Id
characteristic of the FET. Note that, except that the resis-
tance of the amorphous aluminum oxide was changed as
shown in Table 2, a condition of measurement was the same
as that of the First Embodiment. Note also that the resistance
(see Table 2) of the amorphous aluminum oxide was mea-
sured according to the mercury probe method with the use
of “495 C-V System (product name)”, provided by the
SOLID STATE MEASUREMENT INC.

TABLE 2

Resistance of aluminum

oxide (Q - cm) Hysteresis (V)
2.3 x 101 0.3
1.2 x 10 1.0
1.3 x 1013 3.3
2.6 x 1012 10.1

As shown in Table 2, as the resistance of the aluminum
oxide increases, the hysteresis of the FET (FET1) decreases.
The hysteresis of the FET represents the defect level at the
interface between the semiconductor layer and the insulating
layer. In other words, when the hysteresis is small, the defect
level at the interface is small. Therefore, smaller hysteresis
is preferable for performance of the FET.

As shown in Table 1 of the First Embodiment, the FET
can be put into practical use if the hysteresis of the FET is
3V or less. However, in the view of securing stable charac-
teristics of the FET, it is preferable, for practical use, that the
hysteresis is approximately 1V or less. Therefore, as shown
in Table 2, the amorphous aluminum oxide preferably has
resistar}ge of 1x10™ Q-cm or greater, to be more exact,
1.2x10 Q-cm, and more preferably has resistance of 2x10**
Q-cm or greater.
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The same is true is in the FET 11 (see FIG. 2) and the FET
21 (see FIG. 3), in both of which the interface is formed
between the amorphous aluminum oxide (the gate insulating
layer 14 or the priming layer 24) and the semiconductor
layer (the channel layer 15 or 25).

Note that, because the hysteresis of the FET represents the
defect level at the interface between the semiconductor layer
and the insulating layer, it is preferable for the amorphous
aluminum oxide to have larger resistance. However, an
upper limit of the resistance for obtaining amorphous alu-
minum is 2x10'7 Q-cm.

Note also that the resistance of the amorphous aluminum
oxide can be changed by, for example, varying oxygen
partial pressure under the deposition atmosphere. Specifi-
cally, the resistance of the amorphous aluminum oxide can
be increased, for example, by decreasing the oxygen partial
pressure. For example, when the aluminum oxide has resis-
tance of 2.3x10'* Q-cm, the oxygen partial pressure is 10
mTorr (=1.3 Pa). When the aluminum oxide has resistance
of 2.6x10'? Q cm, the oxygen partial pressure is 70 mtorr
(=9.3 Pa). Therefore, the amorphous aluminum oxide (see
Table 2) can have larger resistance by decreasing the oxygen
partial pressure. However, if the oxygen partial pressure
drops to approximately 107> torr (~1.3 mPa) or less, there is
such a tendency that the resistance of the amorphous alu-
minum oxide increases on the contrary. As such, by varying
the oxygen partial pressure, amorphous aluminum oxide
having desired resistance can be obtained.

[Sixth Embodiment]

The following description explains yet another embodi-
ment of the present invention with reference to FIG. 1
through FIG. 7. Specifically, explanation of difference
between the present embodiment and the First embodiment
is mainly made. For ease of explanation, materials having
the equivalent functions as those shown in the drawings
pertaining to the foregoing First through Fifth Embodiments
will be given the same reference symbols, and explanation
thereof will be omitted here.

In the present embodiment, amorphous aluminum oxide
and zinc oxide are layered in accordance with the pulse laser
deposition (PLD) method so that an FET 1 (see FIG. 1) is
formed.

The FET 1 is an inverse-staggered MOSFET having the
same structure as the First Embodiment. Further, functions,
materials, and film thickness of an FET substrate 2 and a
gate layer 3 in the FET 1 are also the same as those of the
First Embodiment, respectively. Therefore, explanation
thereof is omitted here.

In the present embodiment, the gate layer 3 is layered on
the FET substrate 2, and amorphous aluminum oxide
(AL O,) is formed as a gate insulating layer 4 on the FET
substrate 2 in accordance with the PLD method. A deposi-
tion condition is as follows. That is, the KrF excimer laser
is used, and its laser power density is 3.0 J/cm?, its laser
pulse repetition frequency is 10 Hz. A deposition atmo-
sphere is oxygen, and deposition pressure is 10 mTorr (=1.3
Pa). An aluminum oxide sintered compact is used as a target.
The aluminum oxide has a film thickness of approximately
200 nm.

Next, on the gate insulating layer 4, zinc oxide (ZnO) is
formed as the channel layer 5 in accordance with the PLD
method. A deposition condition is as follows. That is, the
KrF excimer laser is used, and its laser power density is 1.0
J/em?, its laser pulse repetition frequency is 10 Hz. A
deposition atmosphere is oxygen, and deposition pressure is
200 mTorr (=26.7 Pa). A sintered compact of zinc oxide is
used as a target, and the zinc oxide has a film thickness of
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5 nm to 100 nm. Note that detail description of the film
thickness (hereinafter, referred to as “ZnO film thickness”™)
of the zinc oxide is made later.

The source layer 6 to be a source wire, and the drain layer
7 to be a drain wire are made of aluminum (Al). In the
present embodiment, the source layer 6 and the drain layer
7 are made of Al, however, as described in the First
Embodiment, the material of them is not particularly limited
as long as the material is conductive such as metal, semi-
conductor, or the like, and allows the source layer 6 and
drain layer 7 to make ohmic-contact with the channel layer
5. As also described in the First Embodiment, the source
layer 6 and the drain layer 7 may be made of, for example,
(1) a metal such as aluminum (Al), molybdenum (Mo),
tantalum (Ta), titanium (T1), silver (Ag), or the like; (ii) a
transparent conductive film such as indium tin oxide (ITO),
indium zinc oxide (IZO), or the like; or (iii) a conductive
film in which an impurity is doped to ZnO; or the like.

FIG. 7 illustrates a relation between (i) mobility (electric
field effect mobility) of the FET 1 (see FIG. 1) thus manu-
factured according to the foregoing steps and (ii) film
thickness of the zinc oxide (hereinafter, referred to as “ZnO
film thickness”). Note that a condition of measuring the
mobility of the FET 1 was the same as that of the First
Embodiment, except that the gate insulating layer 4 and the
channel layer 5 were formed in accordance with the PLD
method as described above, and that the film thickness of the
channel layer 5 was changed at every measurement as
described below. Note also that, for the gate insulating layer
4, aluminum oxide having resistance of 2.4x10'* Q-cm was
used.

As shown in FIG. 7, the field effect mobility increases as
the ZnO film thickness increases. The field effect mobility
reaches its maximum when the ZnO film thickness is
approximately 30 nm. However, in the case where the ZnO
film thickness further increases, the field effect mobility
decreases.

No problem arises in practical use of a thin film transistor
in which amorphous silicon is used if its field effect mobility
is around 0.35 cm?/V's, is more preferably around 0.5
cm?/V-s. However, the field effect mobility is desirably 1.0
cm?/V-s or greater, and is more desirably 1.5 cm*/V's or
greater. As shown in FIG. 7, in the case where the thin film
transistor including ZnO has field effect mobility of 0.35
cm?/V-s or greater, the thin film transistor has a ZnO film
thickness of 5 nm to 100 nm. Therefore, as shown in FIG.
7, in terms of practical use, a lower limit of the ZnO film
thickness of the thin film transistor including ZnO is pref-
erably 5 nm or greater, and is more preferably 10 nm or
greater, and is further preferably 15 nm or greater, and
particularly preferably 20 nm or greater. As also shown in
FIG. 7, in terms of practical use, an upper limit of the ZnO
film thickness is preferably 100 nm or less, and is more
preferably 90 nm or less, and is further preferably 80 nm or
less, and is particularly preferably 60 nm or less. Further,
because the field effect mobility reaches substantially its
maximum value when the ZnO film thickness is in a range
of 30 nm to 40 nm as shown in FIG. 7, the ZnO film
thickness is the most preferably within a range from 30 nm
to 40 nm. With this arrangement, high electric field effect is
obtained.

The embodiments and concrete examples of implemen-
tation discussed in the foregoing detailed explanation serve
solely to illustrate the technical details of the present inven-
tion, which should not be narrowly interpreted within the
limits of such embodiments and concrete examples, but
rather may be applied in many variations within the spirit of
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the present invention, provided such variations do not
exceed the scope of the patent claims set forth below.

INDUSTRIAL APPLICABILITY

In order to improve performance of a semiconductor
apparatus whose semiconductor layer contains a group II
oxide such as zinc oxide, a semiconductor apparatus of the
present invention is so arranged that amorphous aluminum
oxide is layered on at least one surface of the semiconductor
layer. The arrangement allows the semiconductor apparatus
to have performance equivalent to a semiconductor appara-
tus in which all the layered films are crystalline. Such
performance cannot be obtained without the amorphous
aluminum oxide film.

Therefore, it is possible to realize a semiconductor appa-
ratus (i) in which crystallinity improvement of the semicon-
ductor layer is less required than a conventional semicon-
ductor apparatus; (ii) in which the films can be formed with
ease; and (iii) in which a group II oxide that can be used in
a large substrate with ease is used for the semiconductor
layer. Further, it is possible to realize a semiconductor
apparatus which has such freedom in designing that order of
forming films is not fixed.

Further, particularly in the case where the group II oxide
is zinc oxide, the combination of the amorphous aluminum
oxide and the zinc oxide dramatically reduces a defect level
at an interface between a gate insulating layer and the
channel layer. This ensures further performance improve-
ment of the semiconductor apparatus. A threshold shift,
which is due to the defect in the interface between the gate
insulating layer and the channel layer, of electric properties
of the transistor is suppressed to substantially O volt as a
result of this combination.

As described above, because the semiconductor apparatus
allows easy film forming, and can be adopted for a large
substrate with ease, the semiconductor apparatus is suitably
applicable to a display apparatus such as a liquid crystal
display apparatus, in particular to a large display apparatus.

The invention claimed is:

1. A semiconductor apparatus including a semiconductor
layer that contains a group II oxide, comprising:

a layer made of amorphous aluminum oxide, on at least

one surface of and directly contacting the semiconduc-
tor layer.
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2. The semiconductor apparatus as set forth in claim 1,
wherein: the group II oxide is zinc oxide.

3. The semiconductor apparatus as set forth in claim 1,
wherein: the semiconductor layer is made of zinc oxide, and
has a film thickness not less than 5 nm but not more than 100
nm.

4. The semiconductor apparatus as set forth in claim 1,
wherein: the amorphous aluminum oxide has resistance not
less than 1x10* Q-cm and not more than 2x10'7 Q-cm.

5. A display apparatus, comprising: the semiconductor
apparatus as set forth in claim 1.

6. A semiconductor apparatus comprising:
a semiconductor layer that contains a group II oxide; and

a layer comprising amorphous aluminum oxide provided
on and directly contacting at least one surface of the
semiconductor layer.

7. The semiconductor apparatus of claim 6, wherein the
semiconductor layer forms the channel of a transistor, and
the layer comprising amorphous aluminum oxide is a gate
insulating layer of the transistor.

8. The semiconductor apparatus of claim 6, wherein the
group II oxide is zinc oxide.

9. The semiconductor apparatus of claim 6, wherein the
semiconductor layer comprises zinc oxide and has a film
thickness not less than 5 nm but not more than 100 nm.

10. The semiconductor apparatus of claim 6, wherein the
amorphous aluminum oxide has resistance not less than
1x10" Q-cm and not more than 2x10"7 Q-cm.

11. A liquid crystal display apparatus comprising the
semiconductor apparatus as set forth in claim 6, wherein the
semiconductor layer forms the channel of a transistor, and
the layer comprising amorphous aluminum oxide is a gate
insulating layer of the transistor.

12. The semiconductor apparatus of claim 1, wherein the
layer made of amorphous aluminum oxide is an insulating
layer.

13. The semiconductor apparatus of claim 6, wherein the
layer comprising amorphous aluminum oxide is an insulat-
ing layer.



